ABSTRACT A crtic polymorphism found in natural populations of Drosophila melanogaster has been examined in an artificial population maintained for over MOO generations.
chromosomes and the cryptic polymorphism form a of a coadapted complex which is associated with linkage disequilibrium in natural populations. Natural selection tends to favor alleles that act together effectively-"harmoniously" is the symphonic metaphor used in the classical literature. Since differentiation and development are complex processes involving the integrated action of hundreds or thousands of genes, particular alleles will be beneficial or detrimental in proportion as they enhance or.disrupt this integration. If favorably interacting alleles are linked together by virtue of being in close proximity on one chromosome or by being included together within an inversion, then the linked alleles will be acted upon by natural selection as a unit, producing what Dobzhansky has called a coadapted gene complex (1) . In this paper the term "coadaptation" will be used in the broader sense of Wallace (2) to mean the mutual adjustment of allele frequencies at two or more loci. Genetic coadaptation raises questions about the extent to which natural selection produces an integrated complex of alleles, large parts of the genome thereby being operated -upon as the unit of selection (3) . One of the features expected of such an integration would be linkage disequilibrium (gametic phase disequilibrium)-correlations in allelic state over loci in the gametic pool.
Examples of apparent genetic coadaptation leading to linkage disequilibrium have recently been described in plants (4) (5) (6) and animals (7, 8) . In both barley (Hordeum Vulgate) and the slender wild oat (Avena barbata), Allard and co-workers have found significant linkage disequilibrium involving a number of allozyme loci, including several esterases, and, in the case of Avena, two additional loci governing morphological variants. The observed linkage associations are almost certainly due to selection and are undoubtedly enhanced by the high degree of self-fertilization that occurs in both species. In Avena, one constellation of alleles seems to be favored in xeric habitats, another in mesic habitats.-A highly nonrandom linkage association observed between four tightly linked esterase loci in Drosophila montana is also suggestive of selection, but no environmental correlations have yet been discerned (7, 8) . In Mexican populations of the platyfish Xiphophorus maculatus, certain black body markings are evidently regulated during development by a coadapted complex of alleles which differs from population to population, the regulation breaking down in interpopulational crosses (2, 9) .
In this paper I will demonstrate how natural and artificial populations of Drosophila melanogaster evolve a coadaptation of certain alleles on the second chromosome. The alleles involved are part of the so-called segregation distorter system (10) (12) . In most natural populations of D. melanogaster, Sd Rsp chromosomes are found at a frequency of a few percent (13) . It can be shown on theoretical grounds that selection will automatically favor second chromosomes which segregate normally when they become heterozygous with Sd Rsp (14, 15) . Indeed, many natural populations do maintain a high frequency of second chromosomes that are insensitive to distortion by Sd Rsp (13 (16, 17) .] Thus, in a population that is polymorphic for Sd Rsp, recombination in Sd Rsp/Sd + Rsp + females continuously generates a small proportion of Sd + Rsp (and Sd Rsp + ) chromosomes; because Sd + Rsp chromosomes are insensitive to distortion, they will in theory be favored by selection and increase in frequency, provided the advantage they gain by being insensitive outweighs the reduction in fertility. In time, the Sd + Rsp chromosome might be expected to become fixed. However, Sd+ Rsp homozygotes exhibit abnormalities in spermiogenesis which in all probability reduce their fertility (E. Hauschteck-Jungen and D. L. Hartl, unpublished data). Thus, the second chromosomes in the population might be expected to consist largely of Sd Rsp, Sd+ Rsp, and Sd+ Rsp +. This expectation has recently been borne out in studies of a natural population in Raleigh, North Carolina (18) ; in this population, virtually all insensitive second chromosomes are genetically Sd + Rsp.
A more rigorous test of the model is provided by the longterm population cage described below. Initially containing only Sd Rsp and Sd+ Rsp + chromosomes, the population now (after approximately 200 generations) contains Sd + Rsp chromosomes at a frequency of nearly 80%. The presence of Sd Rsp in the population has thus led to a major restructuring of the genetic composition of the population, particularly as regards the second chromosome. Although the genetic coadaptation that prevents distortion and thereby maintains Mendelian segregation evolves both in nature and in the laboratory, some residual frequency of non-Mendelian segregation remains in the population. EXPERIMENTAL PROCEDURES AND RESULTS Segregational characteristics of males carrying various combinations of Sd and Rsp and their normal alleles are summarized in Table 1 . The overall rule is that Rsp/Rsp + heterozygotes produce an excess of Rsp-bearing offspring except in combination with the Sd + /Sd + genotype. Available information on male fertility is summarized in the legend of Table   1 .
The subject of this study was an artificial population of D. melanogaster containing Sd Rsp that was established in 1967 by Prof. Y. Hiraizumi and generously provided to me for analysis. The population was begun with an initial frequency of Sd Rsp of 0.42 and an initial frequency of Sd+ Rsp + of 0.58. All chromosomes in the population cage were genetically marked with the mutant cn (cinnabar eyes) to serve as a check against contamination. From 1967 to 1970 the population was maintained in milk bottles and had an approximate size of 500
From the summer of 1974 to the summer of 1975 the population was examined four separate times for the frequency of Sd Rsp chromosomes. The test procedure was to isolate males from the population cage and mate them individually with cn bw females from a standard laboratory strain (bw = brown eyes; the cn bw double mutant has white eyes). From each such mating, a single heterozygous male was selected and backcrossed to cn bw females, thus producing a strain whose cn-bearing second chromosome is a replica of a single chromosome isolated from the population cage.
For tests of segregation distortion, males of genotype cn*/cn bw (cn* represents a chromosome isolated from the cage) are mated to cn bw females and the segregation ratio among the offspring is determined. Since the cn bw chromosome is genetically Sd + Rsp +, a significant excess of cn*-bearing offspring in the test mating is indicative of segregation distortion, which implies that the tested chromosome is genetically Sd Rsp ( adopts the conservative point of view that all chromosomes having segregation ratios more than two standard deviations from the mean of the histogram shown in Fig. 1 However, there is reason to believe that the frequency of Sd + Rsp chromosomes is considerably higher than 70%. Note that the distribution of segregation ratios in Fig. 1 is clearly bimodal. Focus on the right-hand mode, and note that the distribution of segregation ratios in the range 0.30-0.60 is highly symmetric with a mean of 0.43, a mean significantly smaller than 0.50. (The harmonic mean of the number of offspring per tested male in this experiment was 228.) Moreover, the empirical standard deviation of the right-hand part of the distribution in Fig. 1 is 0.07, more than twice as large as the expected binomial standard deviation of 0.03. Such extrabinomial variation in segregation ratios is commonplace in studies of segregation distortion, and its source appears to be in the segregation of polygenic modifiers in the genetic background (19) .
Because the right-hand part of the distribution in Fig. 1 is symmetric and because its mean is significantly less than 0.50, I suggest that the insensitive chromosomes in the population are virtually all Sd + Rsp, but that some of them lack the set of polygenic enhancers that gives rise to clear-cut distortion with the Sd Rsp + tester chromosome.
Thus, after 208 generations, the chromosomal frequencies in the Hiraizumi population are as follows: (i) Sd Rsp about 12%, (ii) Sd + Rsp about 79%, (iii) Sd Rsp + nearly 0%, and (iv) Sd + Rsp + about 9%. These numbers are to be contrasted with the initial frequencies in the population: (i) Sd Rsp about 42%, (ii) Sd + Rsp at 0%, (iii) Sd Rsp+ at 0%, and (iv) Sd+ Rsp+ about 58%. The population has indeed undergone a major restructuring of allele frequencies at the Rsp locus, even though the frequency of Sd Rsp chromosomes has declined dramatically.
DISCUSSION
It is important to emphasize the mechanism by which the high frequency of Sd + Rsp chromosomes is maintained. The simplest explanation is that such chromosomes are on occasion favored by abnormal segregation. This would happen whenever One would, of course, be mistaken. While I most certainly do not intend by this example to imply that allozyme polymorphisms are concerned with maintaining the Mendelian rules of segregation-indeed, much allozyme variation may be selectively neutral or nearly neutral, and those alleles that are not neutral probably comprise a great variety of selective mechanisms-I do think this example shows that an extended discussion of the neutrality or selection of alleles in natural populations is quite premature in the absence of detailed information about the genetic and physiological roles of these alleles in the life of the organism. judged in light of its frequencies in natural populations, Rsp represents a rather typical polymorphism on the face of it. Yet the polymorphism is strongly selected, although the selective mechanism is somewhat subtle.
In any case, Rsp is one of the few and perhaps the only example of a cryptic polymorphism in natural populations whose mechanism of maintenance has been discovered. Chromosomes that are genetically Sd + Rsp are selected because they are insensitive to segregation distortion and thereby largely maintain Mendelian segregation of the second chromosome.
